The purpose of this paper is to provide a summary of the evolution of seismic design in Canada. This paper presents the significant changes to the approach taken in determining seismic hazards and seismic hazard maps, and describes the evolution of the seismic design provisions of the National building code of Canada. The introduction of important parameters in determining the seismic base shear such as the period of vibration of the structure, the influence of type of soil, and the concepts of ductility and energy dissipation capacity of elements and structures are presented. The levels of seismic design base shears, determined from different versions of the National Building Code of Canada, are compared for reinforced concrete frame and wall structures to illustrate the changes.
Introduction
This paper forms part of a major effort by the Canadian Seismic Research Network to develop guidelines for seismic evaluation and retrofit of existing buildings. The evolution of Canadian seismic design codes over the last 70 years is presented, together with numerical comparisons performed for sample structures, to provide engineers with a summary of the key changes to aid in understanding the difference in seismic design force levels of older codes compared to the 2010 National building code of Canada (NBCC) (NRCC 2010) . Although this paper discusses the evolution of the seismic base shear values, additional papers will present the important aspects of design and detailing in the Canadian Standards Association (CSA) standards. Furthermore, the design philosophy has changed from working stress design to ultimate strength design, with load factors and capacity reduction factors, and then to limit states design, with load factors and material resistance factors. To appreciate the aspects of the original design of an existing building, the engineer should consult the appropriate code and standard along with their commentaries. This paper draws from an overview of the Canadian seismic design provisions up to 1977 authored by Uzumeri, Otani, and Collins (Uzumeri et al. 1978) . Figure 1 shows the locations and sizes of earthquakes in Canada from 1627 to 2007 (Adams and Atkinson 2003) . There are four main regions of seismic activity: a stable central region with very few earthquakes; an eastern region where about 14% of all earthquakes in Canada have occurred; a western region where about 27% of all earthquakes in Canada have occurred; and a northern region where about 59% of all earthquakes in Canada have occurred. It is noted that there have been a large number of events with magnitudes greater than 6.5.
Seismic hazard

NBC
In 1941, the first National Building Code (NBC), which contained seismic design provisions in an appendix (NRCC 1941) , was published. It was based on the 1935 Uniform Building Code (UBC 1935) , where the lateral force, V, located at the center of gravity of the building, is equal to
½1
V ¼ CW where C varies between 0.02 and 0.05 depending on the bearing capacity of the soil, and W is the weight of the building.
NBCC
The first seismic zoning map was introduced in the 1953 NBCC (NRCC 1953) and is shown in Fig. 2 . This zoning map, developed and described by Hodgson (1956) , delineated four zones with relative seismic intensity, based on the locations of large historical earthquakes, with the highest intensity values in the western part of British Columbia and in the St. Lawrence and the Ottawa River valleys. It is noted that this is a qualitative map with no probability level specified and has abrupt changes in zones (e.g., upper Ottawa valley). After the 1940 Imperial Valley earthquake, the 1943 Los Angeles Building Code made the seismic force coefficient, C, in eq.
[1] a function of the stiffness of the structure based on the number of storeys, N, (Hawkins and Mitchell 1977) . Based on these developments the lateral seismic design force in the 1953 NBCC was given as
where F i is the applied lateral seismic design force at the ith level, W i is the total weight (taken as dead load plus 25% of the design snow load) tributary to the ith level, and C i is the seismic force coefficient for minimum earthquake loads of 0.15/(N+4.5) for zone 1 and N is the number of storeys above the ith level. The seismic force coefficient for minimum earthquake loads, C i is multiplied by 2 for zone 2 and multiplied by 4 for zone 3.
The seismic design provisions of the 1960 NBCC (NRCC 1960) were essentially the same as the 1953 NBCC. This was the first Canadian code to refer to the need to consider torsional effects; however, no specific guidance was given. NBCC (NRCC 1965 used the same seismic zoning map as the 1953 NBCC, shown in Fig. 2 . The seismic design provisions of this code departed from the US codes of the day with the introduction of an importance factor; a foundation factor and consideration of torsion. The minimum seismic base shear, V, was given as
where R is the seismic regionalization factor with values of 0, 1, 2, and 4 for seismic intensity zones 0, 1, 2, and 3, respectively; C is the type of construction factor with values of 0.75 for moment resisting frames and reinforced concrete shear walls that are adequately reinforced for ductile behaviour, and 1.25 for other types of buildings; I is the importance factor with values of 1.0 and 1.3 (buildings with large assemblies of people, hospitals, and power stations); F is the foundation factor with values of 1.5 for highly compressible soils and 1.0 for other soil conditions; S is the structural flexibility factor of 0.25/(N + 9), where N is the number of storeys; W is the total weight (dead load plus 25% snow plus live load for storage areas). The total lateral seismic force was assumed to be linearly distributed proportional to the height and weight of the floors, similar to the 1959 Structural Engineers Association of California (SEAOC) provisions (SEAOC 1959) . This edition contained torsional design provisions based on the 1966 Mexican code (DDF 1966; Ward 1966) . The code required a torsional eccentricity equal to
where e is the distance between the centre of mass and the centre of rigidity, and D is the plan dimension in the direction of the computed eccentricity. The factor 1.5 applied to e accounts for the dynamic amplification of torsional moments resulting in larger design forces on the more ''flexible side'' of the structure and the term 0.05D represents the accidental torsional eccentricity (Bustamante and Rosenblueth 1960) . In the 1965 NBCC, if e x exceeded D/4, either dynamic analysis was required or the computed torsional moment was doubled.
It is noted that, in general, working stress design was used, however, ultimate strength design was permitted for concrete structures in 1965, as an alternative method, based on the American Concrete Institute (ACI) Code approach (ACI 1963) with load factors and capacity reduction factors. The 1965 NBCC ultimate load, U, for earthquake design is given by
where D, L, and E are the effects from dead, live, and earthquake loads, respectively. Milne and Davenport (1969) developed the first truly probabilistic seismic zoning map (Fig. 3) , using extremevalue statistics that were applied to known Canadian earthquakes. This map was introduced in the 1970 NBCC (NRCC 1970) and was based on expected accelerations, A 100 , having a probability of exceedance of 0.01 (100-year return period). There were four zones with numbers on the zonal boundary lines indicating accelerations as a percentage of g. These acceleration values are not used directly to determine the seismic lateral force but rather seismic zones were introduced. It is noted that Montreal and Ottawa changed from zone 3 to zone 2 in this edition of the code.
In the 1970 NBCC, the structural flexibility factor, C, depended on the period of vibration of the structure and higher mode effects were accounted for through the application of a portion of the lateral force, V, as a concentrated force, F t , at the top of the structure and a reduction of the overturning moment. The minimum lateral seismic force (base shear), V, was given as
where R is the seismic regionalization factor (Fig. 3) , K is the type of construction factor (see Table 1 ), C is the structural flexibility factor, where, for one and two storey buildings,
for moment resisting frames,
for other cases,
where T is the fundamental period of structure; h n is the height of structure, in feet (1 ft = 0.3048 m); D is the dimension of the building parallel to the seismic force, in feet; N is the number of storeys. This was the first Canadian code where the structural response factor was made a function of the period of the structure. While the 1970 NBCC referred to ductile moment resisting frames, design and detailing provisions for ductile frame members and ductile flexural walls were not provided until the Special provisions for seismic design were introduced in the 1973 CSA A23.3 Standard (CSA 1973) . For the alternative, the ultimate strength design approach for concrete structures, the ultimate load, U, for earthquake design was given by
The seismic zoning map developed for the 1970 NBCC was used for the 1975 NBCC (NRCC 1975 ; Fig. 3 ). The minimum seismic base shear, V, was given as
½12
V ¼ ASKIFW where A is the horizontal design ground acceleration with values of 0, 0.02, 0.04, and 0.08 for seismic zones 0, 1, 2, and 3, respectively; and S is the seismic response factor defined in eq.
[13]. The K factors for different types of construction are given in Table 1 . In addition, an intermediate foundation factor F = 1.3 was introduced to account for soft soils or for compact coarse-grained or stiff fine-grained soils with a depth greater than 50 ft (= 15.24 m).
The expression for the period, T, was the same as in the 1970 NBCC. As indicated by Uzumeri et al. (1978) , the term AS in the 1975 NBCC was calibrated to be 20% less than the term RC/4 in the 1970 NBCC.
The torsional design eccentricity, e x , was given as
The introduction of the 0.5 factor on e was aimed at increasing the design force levels of the ''stiff side'' of the structure. If e x exceeds D/4, then dynamic analysis is required; otherwise the computed torsional moment is doubled.
The 1975 NBCC permitted the use of dynamic analysis as an alternative procedure to determine the seismic design forces. However, for irregular structures the Commentary to the code recommended the use of the dynamic analysis procedure. A response spectrum compatible with that proposed by Newmark et al. (1973) with 5% damping was adopted for the dynamic analysis that was scaled to the design ground acceleration, A, equal to 0, 0.02g, 0.04g, and 0.08g for zones 0, 1, 2, and 3, respectively. Furthermore, the response spectrum was divided by ffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2m À 1 p for shorter periods (''equal energy concept'') and by m for longer periods (''equal displacement'' concept), where m is the structural ductility factor (Blume et al. 1961 ; Table 2 ). Commentary K to the 1975 NBCC recommended the use of the square root of the sum of the squares modal combination method for calculating design forces.
It is noted that the reciprocal of the K factor should be approximately equal to the m factor, where the ''equal displacement'' concept is applicable, because both factors account for structural ductility.
The relatively low ground accelerations (100-year return period) used in the static base shear equation were not representative of ground motions for dynamic analyses. In addition, the long periods for buildings obtained using computer models of ''bare structures'' (without considering nonstructural components) together with high values of m (relative to 1/K) resulted in dynamic base shear values considerably less than the equivalent static approach.
For concrete structures, the CSA Standard A23.3 (CSA 1973) specified an ultimate strength approach with load factors specified in the standard and load combination factors, as given in the 1970 NBCC. The resulting required factored strength, U, was given as
In the 1975 NBCC (NRCC 1975), limit states design was introduced as an alternative design approach to working stress design with load factors and material resistance factors or capacity reduction factors (concrete standard). The factored load combinations including seismic effects were Dual system of ductile moment-resisting space frame and shear walls or steel bracing (frame must be designed to resist at least 25% of total base shear and walls or bracing must be designed to resist 100% of base shear) 0.8
Other framing systems not defined above 1.0 Ductile flexural walls and ductile framing systems not defined above 1.0 Systems without space frames (box systems)
1.33 Dual system with ductile space frame with masonry infill (infilled wall system must be designed to resist 100% of base shear and frame; without infill, must be designed to resist at least 25% of total base shear)
1.3
Systems not defined above with continuous reinforced concrete, structural steel, or reinforced masonry shear walls
Other structural systems not defined above 2.0 2.0 Unreinforced masonry 2.0 Table 2 . Structural ductility factor m for dynamic analysis (Commentary K, 1975 NBCC (NRCC 1975 ).
Building type m Ductile moment resisting space frame 4 Combined system of 25% ductile moment resisting space frame and ductile flexural walls 3
Ductile reinforced concrete flexural walls 3 Regular reinforced concrete structures, crossbraced frame structures and reinforced masonry 2 Structures having no ductility, plain masonry 1
These load combinations were used in the CSA S16.1 standard (CSA 1974) starting in 1974; however, concrete structures were designed using ultimate strength design load factors until the introduction of limit states design in the 1984 CSA A23.3 standard (CSA 1984) .
NBCC
In the 1977 NBCC, seismic zoning maps and seismic provisions remained essentially the same as in the 1970 NBCC (NRCC 1977) . A key change in the dynamic analysis design procedure was the introduction of a minimum base shear equal to 90% of the base shear determined from the static analysis procedure, to limit the difference between the base shears determined from static and dynamic analyses. It was recognized that this limit for dynamic analysis was necessary because the probability of exceedance of the A 100 acceleration values provided inadequate protection (i.e., 40% probability of exceedance in 50 years) compared to the probability of exceedance of other structural loads. The static load approach, however, remained the same as in the 1975 NBCC.
The 1980 (Heidebrecht et al. 1983 ). This change increased the seismic design forces for the period range from 0.125 to 1.0 s, affecting a large portion of low-and mid-rise buildings, but resulted in smaller earthquake design forces for structures having periods greater than 1.0 s. A procedure was proposed for the determination of the structural eccentricity, e, for each floor level in a structure.
The limit state load factors and combination factors remained the same as in the 1977 NBCC; however, for concrete structures, the ultimate strength procedure from the 1977 CSA A23.3 Standard (CSA 1977) was still used.
New seismic zoning maps, based on the point source model developed by Cornell (1968) , were introduced in 1985 (NRCC 1985) . The seismic zoning map was based on a probability of exceedance of 10% in 50 years or 0.0021 per annum (return period of 475 years), which was judged to be closer to the probability of exceedance of other design loads. These maps provided accelerations and velocities for each zone (see Fig. 4 ) and the number of seismic zones was increased from four to seven. These maps followed the ATC-3 Guidelines (ATC 1978) and their development is described by Basham et al. (1985) . Peak horizontal ground accelerations (units of g) with corresponding values of the peak zonal acceleration ratios, a, were given for each seismic zone, Z a . Peak horizontal ground velocities (in m/s) with values of the velocity zonal ratios, v, were given for each seismic zone Z v .
This 1985 code introduced the influence of the acceleration-velocity ratio (a/v), with ground motions with high a/v ratios having high frequency content and high spectral amplification for short period structures (e.g., eastern Canada). On the other hand, low a/v ratios indicate the dominance of long period motion and hence reduced spectral response for short period structures. This change recognized that the spectral shape was not the same as that for California, and indeed varies geographically in response to the number and sizes of local earthquakes and the different characteristics of earthquakes in the east and west.
The seismic base shear, V, was given as
where v is the velocity zonal ratio and S is the seismic response factor. For periods greater than or equal to 0.5 s, S = 0.22/T 1/2 . For T 0.25, S = 0.62, 0.44, 0.31 for Z a /Z v greater than 1, equal to 1, or less than 1, respectively. Linear interpolation was used for S values between 0.25 and 0.5 s. The term nS can be interpreted as the spectral acceleration. The S value of 0.44 for the case of Z a /Z v = 1 was chosen to calibrate the base shear values to the previous code. The period of the structure is determined from eq.
[19] with the exception that T = 0.1N for moment-resisting space frames resisting 100% of the lateral forces:
where h n is the height of the building above the base in metres; D s is the dimension of the lateral force resisting system in a direction parallel to the applied forces in metres, rather than using the building dimension, D; thus resulting in longer periods and reduced seismic design forces for most structures. The 1985 NBCC also allowed, for the first time, the use of the period obtained from modal analysis, without exceeding 1.2 times the value given by eq.
[19], which could result in further reductions in seismic design loads. If dynamic analysis were selected by the designer, the results had to be scaled such that the base shear corresponds to 100% of the static earthquake force, not 90%, as was permitted in the previous editions of NBCC. The torsional design eccentricity, e x , was given as ½20 e x ¼ 1:5e þ 0:10D e x ¼ 0:5e À 0:10D
The accidental torsional eccentricity was increased from 0.05D to 0.10D; however, doubling of torsional moments was no longer required for cases with large e values. Dynamic analysis was required if the centroids of mass and the centres of stiffness of different floors did not lie on approximately vertical lines.
The load factors and combination factors were the same, as given by eq.
[16], for buildings with various material types.
The 1990 NBCC used the same seismic zoning maps as the 1985 NBCC. Significant changes that were introduced included the replacement of the K factor by the force modification factor, R, and the use of a load factor of 1.0 on the seismic forces to reflect the onset of yielding in the structure. The base shear was determined from
½21
V ¼ UðvSIFWÞ=R where U is a calibration factor (U = 0.6) to ''maintain the design base shears at the same level of protection for buildings with good to excellent capability of resisting seismic loads consistent with the R factors used'' (Commentary to 1990 NBCC NRCC 1990). The base shear was therefore calibrated to previous code values. For T 0.25, S = 4.2, 3.0, 2.1 for Z a /Z v greater than, equal to, or less than 1, respectively; S = 1.5/(T) 1/2 for T > 0.5 (Fig. 5) ; I = 1.0, 1.3 or 1.5; and F = 1, 1.3, 1.5 or 2. Following the damage to structures in the soft soil region of Mexico City in the 1985 earthquake (Finn and Nichols 1988) , the 1990 NBCC introduced the fourth category, F equal to 2.0, for ''very soft and soft grained soils with depths greater than 15 m.'' It is noted that the K factor from the 1985 NBCC was replaced by a force modification factor, R. The R factor ''reflects the capability of a structure to dissipate energy through inelastic behaviour.'' The R factor varies from 1.0 Fig. 4 . Contours of peak horizontal acceleration and velocity having a probability of exceedance of 10% in 50 years (NRCC 1985) , courtesy of the Geological Survey of Canada.
for unreinforced masonry to 4.0 for ductile moment-resisting space frames. Intermediate values of R were introduced with R = 2.0 for nominally ductile walls, concrete frames, and braced steel frames. The 1990 NBCC required that the design and detailing be in accordance with the provisions in the CSA standards for concrete, steel, timber, and masonry, consistent with the R factor chosen.
The earthquake load factor was reduced to 1.0 to reflect the extreme character of the loading considered in design, resulting in the following load combinations for earthquake design:
The interstorey deflections, determined from analysis and multiplied by R to account for inelastic effects, were limited to 0.01h s for post-disaster buildings and 0.02h s for all other buildings, where h s is the interstorey height. Tso (1992) provided a detailed comparison of the seismic design provisions in the 1985 NBCC and the 1990 NBCC.
NBCC
The three major changes to the 1995 NBCC (NRCC 1995) were the additional R factors, new expressions for building periods, and new torsional eccentricity expressions. Additional lateral-load resisting systems introduced include nominally ductile and ordinary steel plate shear walls (R = 3 and 2, respectively), ductile coupled walls (R = 4), and reinforced masonry walls with nominal ductility (R = 2).
In the 1995 NBCC, the fundamental period, T, for momentresisting frames was determined as 0.1N or, alternatively, as 0.085(h n ) 3/4 for steel moment resisting frames and 0.075(h n ) 3/ 4 for concrete moment resisting frames when the frame resists 100% of the lateral forces, where h n is the total height in metres of the building above the base. As in previous editions, the period from dynamic analysis could be used in design, however, NBCC required that the resulting base shear should be not less than 80% of the static base shear.
The torsional moment, T x , at a floor level x, was given as
where e x is the distance measured perpendicular to the direction of seismic loading between the centre of mass and centre of rigidity, D nx is the plan dimension of the building at level x perpendicular to the direction of seismic loading, and F x is the lateral force applied to level x. When a threedimensional dynamic analysis is used, the effect of the accidental static torsion ±F x Á0.1D nx needs to be added to the results of the dynamic analysis. A companion load format was adopted for the load combinations involving earthquake loads to reflect the ''probable'' dead and live loads expected to be acting when the earthquake load occurs:
Several major changes were incorporated in the 2005 NBCC (NRCC 2005) that are described in detail by DeVall (2003) and Heidebrecht (2003) . The uniform hazard spectrum (UHS) approach (NEHRP 1997) was adopted essentially giving site-specific response spectral accelerations for numerous locations in Canada (Adams and Atkinson 2003) . These spectral accelerations have a probability of exceedance of 2% in 50 years (2475-year return period). This lower probability provided a more uniform margin of collapse, one that is much nearer to the probability of structural failure (Heidebrecht 2003) .
It is noted that the dynamic analysis approach became the preferred method of analysis and must be used for structures with certain irregularities.
The minimum lateral earthquake design force, V, at the base of the structure (equivalent static force procedure), is
Except that V shall not be taken as less than
where S(T a ) is the design-spectral-response acceleration at the fundamental period of vibration, M v is a factor to account for higher mode effects on the base shear (Humar and Mahgoub 2003; see Table 3 ). The 2005 NBCC introduced two separate force modification factors, the ductility-related factor R d and the overstrength-related factor R o (Mitchell et al. 2003) , as defined in Article 4.1.8.9. The ductility-related force modification factor, R d , reflects the capability of a structure to dissipate energy through inelastic behaviour while the overstrength-related force modification factor, R o , accounts for the dependable portion of reserve strength in a structure designed according to the 2005 NBCC and the corresponding CSA standards. Table 4 gives some typical val- The earthquake importance factor, I E , is taken as 1.0 for normal structures, 1.3 for ''high iportance'' structures (e.g., schools and community centres), and 1.5 for ''post-disaster'' structures (e.g., hospitals and emergency response facilities).
For SFRS with R d 1.5, V need not be taken greater than where S a (T) is the 5% damped spectral response acceleration, expressed as a ratio to gravitational acceleration, at a period of T; T a is the fundamental lateral period of vibration of the building or structure (in seconds) in the direction under consideration; and F a and F v are the acceleration and velocity-based site coefficients, respectively, (Finn and Wightman 2003) depending on the site class (Table 5 ). Figure 6 shows the values of spectral response acceleration [S a (T)] for Vancouver, Montreal, and Toronto. These values also corresponding to the S(T) values for site class C (F a = F v = 1). This UHS approach, through the use of S a (T) together with the site coefficients, F a and F v , results in sitespecific spectra.
The fundamental lateral period of vibration of the building, T a , (in seconds) can be evaluated empirically (Saatcioglu and Humar 2003) as
where l is 0.085 for steel moment frames and 0.075 for concrete moment frames, while for other frames T a = 0.1N, where N is the number of storeys. For braced frames
where h n is the total height (in metres) of the building above the base. For shear walls and other structures, l = 0.05 in eq. [27] . If a dynamic analysis is used, the resulting T a values shall not be taken greater than 1.5 times that calculated using the empirical formula for moment resisting frames, and shall not exceed two times that calculated using the empirical formula for braced frames and shear wall structures.
These limitations are placed on T a to ensure that the period is in general agreement with typical measured periods on existing structures. This can represent a significant increase in period and hence a reduction in base shear compared to previous code editions. Torsional effects are considered by applying torsional moments, about a vertical axis at each level, derived separately for each of the following load cases considered:
where F x is the lateral force at each level and D nx is the plan dimension of the building at level x perpendicular to the direction of seismic loading being considered. The 2005 NBCC has greatly simplified the determination of torsional effects by eliminating the factor on the eccentricity e x . This enables the designer to account for torsion directly, including accidental torsion, by performing 3-D analyses and shifting the mass at floor level by ±0.1D nx . This approach no longer requires the very complex determination of e x . Alternatively, the accidental torsion may be accounted for separately by adding the static effects of torsional moments due to ±0.1D nx F x at each floor level.
Buildings with high torsional eccentricity are vulnerable to severe damage due to large displacements imposed on the ''soft side'' of the structure. Torsional sensitivity is determined by calculating the maximum value, B, from the calculated ratios B x for each level x, where B x = d max /d ave . The maximum storey displacement, d max , determined at the extreme points of the structure at level x is induced by the equivalent static forces acting at distances ±0.1D nx from the centres of mass at each floor and , d ave is the average of the displacements, at the extreme points of the structure at level x produced by the above forces. When B exceeds 1.7 and I E F a S a (0.2) > 0.35, then a 3-D dynamic analysis is required. Table 6 summarizes the different types of structural irregularities that were introduced in the 2005 NBCC. Such irregularities have resulted in significant damage by earthquakes, and therefore should ideally be avoided by designers. The presence of one or more of these irregularities may trigger the need to perform a dynamic analysis. There are also severe limits on irregularities in post-disaster buildings, so as to better ensure continued operations after a significant seismic event. The presence of irregularities in existing buildings should be considered an indication that the building is vulnerable to damage during strong ground shaking and further assessment of the seismic performance of the building should be conducted. It is noted that there are also height restrictions for different structural systems, depending on the value of I E F a S a (0.2). Dynamic analysis is the preferred method of analysis in the 2005 NBCC. However, if the base shear from dynamic analysis is lower than the earthquake design force V from eq.
[25], the results must be amplified such that the base shear corresponds to V. For regular structures, V can be replaced by 0.8V in this adjustment process.
The calculated elastic maximum interstorey deflection at any level, including accidental torsional moments, shall be multiplied by R d R o /I E to get an estimate of the maximum interstorey deflections due to nonlinear response. These deflections are limited to 0.01h s for post-disaster buildings, It is noted that the load factor for earthquake effects is taken as 1.0 because of the low probability of exceedance used in the UHS approach and the loading cases for earthquake effects are
The values for the UHS for all but western localities were recalculated using an improved fit to the ground motion relations used in 2005. In general short-period hazard in low seismic zones were slightly reduced though long-period hazard increased slightly (e.g., Toronto). The resulting changes to the UHS are illustrated in Fig. 6 for Montreal and Toronto, also shown is the UHS for Vancouver.
A change was made to the minimum lateral earthquake force, V, for walls, coupled walls and wall-frame systems such that
for moment-resisting frames, braced frames and other systems, V is defined as
As a consequence of this change, the values of M v given in Table 3 were revised and the case of ''M v for T a > 2.0'' was changed to ''M v for T a = 2.0'' and an additional case for ''M v for T a > 4.0'' was added.
Additional force modification factors were added for cold-formed steel structures and for steel structures with ductile buckling-restrained braced frames. Some of the types of structural systems for steel structures were renamed.
An additional restriction was added for post-disaster buildings to disallow vertical stiffness irregularities.
Comparisons of seismic design force levels for concrete frame structures and concrete wall structures Figure 7 gives a comparison of static design base shears from different versions of the National building code of Canada and CSA A23.3 standards. For this study, twostorey and 10-storey concrete moment resisting frame structures in Montreal and Vancouver were chosen. It was assumed that the storey heights were 3.5 m, the importance factor was 1.0, and the foundations were on very stiff soil (with F equal to 1.0 for earlier codes and Site Class C for 2005 and 2010 codes). For concrete structures, the ''factored'' values of V/W for the codes from 1965 to 1980 were based on factored loads (ultimate strength design), while from the values from 1985 to 2005 were based on limit states design in accordance with the NBCC. It is noted that prior to 1965 working stress design was used. Because the reinforcing steel stress was typically limited to 50% of the yield stress for concrete structures, an implied load factor of two was assumed to determine the ''equivalent factored'' values of V/W. While the load factors have been accounted for in these comparisons, the capacity reduction factors (f) and the material resistance factors (f c , f s ) have not been accounted for. The more recent codes have different design base shears depending on the ''ductility'' level and the corresponding detailing requirements in the CSA Standards. For convenience, structural systems have been categorized as ''conventional'', ''nominal'' (includes moderate ductility in the 2005 and 2010 NBCC), and ''ductile''. The design force levels are similar for 10-storey ductile frame structures after 1975. However, it must be recognized that the design and detailing requirements have become more stringent and hence the ductility and performance of older ''ductile'' structures would typically be less than more recently designed structures. The nominally ductile structures were introduced in the 1990 NBCC and the 1995 NBCC. It should be emphasized that the values of V/W have increased significantly in recent years for ''conventional'' construction, highlighting the greater risk for older frame structures. In addition, many older frame buildings have irregularities ( Table 6 ) that makes such structures more vulnerable. base shear from 1985 to 1995, as shown in Fig. 8 . In 1990 and 1995, the R factors replaced the K factors for the different structural systems, a calibration factor (U of 0.6) was introduced and the load factor was reduced to 1.0. The significant increase for the ''factored'' base shear in 2005 is due mainly to the introduction of the UHS based on a probability of exceedance of 2% in 50 years, which is partially compensated for by the force modification factors, by the steep drop of the spectral values in the low period range, by the fact that the period was a function of the building height rather than on D s , and by the fact that the design base shear is no longer scaled to previous code values. Ghorbanirenani et al. (2009) 
Conclusions
This paper provides a comparative study of the seismic design codes in Canada from the first code published in 1941 to the present. The comparison of factored base shears for design of concrete structures provides a guide for designers faced with the difficult task of seismic evaluation of existing structures. The key parameters that influence these factored base shears include seismicity, load factors, foundation conditions, determination of fundamental period, the seismic response factor, structural systems, and the corresponding design and detailing requirements. This comparison was made possible by assuming a load factor of 2.0 for structures that were designed using the working stress design (before 1965) . This study illustrates the vulnerability of low period structures designed with older codes. In evaluating an older building, the engineer must be aware that major changes have taken place, not only with the design base shears but also for the classifications of structural systems that depend on the design and detailing requirements. To appreciate the evolution of seismic design codes in Canada, it must be recognized that there have been significant improvements to the design and detailing requirements, in the CSA materials standards, that are consistently linked to the ductility-based and the overstrength-based force modification factors.
